uses GFR␣2 as the coreceptor. However, there is a degree of promiscuity in the ligand specificities of GFR␣'s, and there are differences in how they activate Ret 
Introduction
To assess the in vivo function of GFR␣2 and the physiological relevance of its ligand specificity, we have proGlial cell line-derived neurotrophic factor (GDNF) and a duced mice lacking functional GFR␣2 receptor (Gfra2 Ϫ/Ϫ ). 
, 1997). Results from in vitro assays
Results and Discussion suggest that GDNF preferentially uses GFR␣1 and NTN Generation of the Gfra2 Ϫ/Ϫ Mice A predicted Gfra2 null allele was created by deleting several clones of the Gfra2 transcript from Gfra2 Ϫ/Ϫ mice indicated a rearrangement of exons, producing a frameshift with early stop codons. Taken together, the Gfra2 Ϫ/Ϫ which includes the translation initiation site and signal sequence of the Gfra2 gene, using homologous recommice most likely represent a true null allele. Expression of Gdnf, Ntn, Gfra1, and Ret in E18 embination in embryonic stem cells ( Figures 1A and 1B) . Chimeric mice, derived from these cells, were bred to bryos and adult brains was similar between the genotypes as analyzed by Northern blot and in situ hybridiza-C57BL/6 and 129/Sv females to establish heterozygotes (Gfra2 ϩ/Ϫ ). Of 250 offspring from Gfra2 ϩ/Ϫ intercrosses tion ( Figure 1G ; data not shown), suggesting that the expression of other Ret-signaling components is not typed after weaning, 57 (23%) were Gfra2 Ϫ/Ϫ , 125 (50%) were Gfra2 ϩ/Ϫ , and 68 (27%) were wild type, indicating regulated via GFR␣2. This also implies that in the absence of GFR␣2, the Ret-expressing cells largely survive no increased lethality in the homozygous animals.
In situ hybridization analysis of adult mouse brain and and that there are no obvious compensatory changes in Gdnf or Gfra1 expression to account for this cell survival. E18 embryos with Gfra2 exon 1 probe revealed strong expression in wild-type animals but no labeling in the Gfra2 Ϫ/Ϫ mice (Figures 1C and 1D ; data not shown). An The Gfra2 Ϫ/Ϫ Mice Exhibit an Apparent Ptosis and Become Retarded in Growth Postnatally identical expression pattern was seen in wild-type mice using a full-length Gfra2 probe, which also revealed a Gfra2 Ϫ/Ϫ mice appeared normal in size at birth, but at weaning they were consistently smaller than their wildsimilar but much weaker expression in the mutant animals ( Figures 1E and 1F) , suggesting the presence of type littermates (Figure 2A) , and many of them kept their eyes partially closed, displaying an apparent ptosis ( Figure 2B ). Growth failure of Gfra2 Ϫ/Ϫ mice became evident at the age of 2-3 weeks and was most pronounced at 4-6 weeks, when the difference in weight between the genotypes was 30%-50% ( Figures 2C and 2D) . At this age, the knockout animals could be easily distinguished from wild-type animals based on size alone. During the following months, the mutants showed some catch-up growth but still remained about 20% smaller than their wild-type littermates at 4 months of age. Changes in nose-tail length, with a maximal difference of 10%-15%, were less severe than changes in weight. Similar growth retardation was seen in three mutant lines and in both 129/Sv and C57BL/6 backgrounds but not in Gfra2 ϩ/Ϫ animals. In the hybrid background, Gfra2 Ϫ/Ϫ mice have been viable and fertile up to 12 months of age. Litters from homozygote intercrosses have a normal number of pups, which also develop similar postnatal growth retardation and eye phenotypes.
Consistent with the growth retardation, most organs were smaller and weighed 30%-50% less in the mutants at 4-6 weeks. The brain size was relatively well maintained, being reduced only by 5%-20% in weight. Except for delayed development, routine histological analysis of the mutants did not reveal obvious defects in major organs, including kidney, spleen, liver, and lung (data not shown). Gfra2 is abundantly expressed in many regions of the adult brain, including the olfactory bulb, cortex, and hypothalamus ( Figure 1C ; Golden et al., Whereas the sympathetic innervation around the blood addition, the number and morphology of oculomotor vessels was intact, the cholinergic parasympathetic finerve endplates on LPSM were similar (data not shown).
bers were virtually absent ( Figures 3G and 3H) . Moreover, the acinar cells appeared atrophied and the acini An increased blink rate could be caused by dry eyes, evoked by electrical stimuli in mutant ileum were 65%-71% (n ϭ 3) of those in wild-type animals. Both the fibers, most of which are nitrergic in the small intestine (Sang and Young, 1998). AChE staining labels the macarbachol-and electrical stimulation-induced contractions were inhibited by TTX (data not shown). Methylene jority of nonnitrergic myenteric neurons but is not specific for the cholinergic system. To address whether blue staining to reveal the interstitial cells of Cajal, which are the muscle-derived pacemaker cells of gut (Thomthe lack of GFR␣2 preferentially affects some specific subpopulation of enteric neurons, we stained thick secsen et al., 1998), failed to detect any differences between the genotypes (data not shown), supporting the conclutions of adult small bowel for these markers. Substance P-positive fibers were clearly reduced in Gfra2 Ϫ/Ϫ mice, sion that gut dysmotility of Gfra2 Ϫ/Ϫ mice is mainly of neuronal origin. Future studies are needed to elucidate whereas the VIP-positive fibers appeared not to be affected by the mutation (n ϭ 3; data not shown). Thus, the whether the mice have a deficient ascending contraction in vitro and impaired movement down the gut in vivo. excitatory myenteric innervation is largely dependent on GFR␣2-mediated signaling.
The expression peak of Gfra2 in wild-type mouse gut ( Figure 4A ) correlated temporally with that of growth Analysis of ␣ receptor expression in different parts of wild-type mouse gastrointestinal tract ( Figure 4G ) showed failure and spatially with the innervation defect in mutant animals. The reduced intestinal innervation and motility that Gfra2 levels were highest at postnatal day 14, when Gfra1 expression was barely detectable. Interestingly, of Gfra2 Ϫ/Ϫ mice imply gut dysfunction, which could contribute to their growth retardation. In addition, the onset Gfra2 displayed variable expression levels along the gastrointestinal tract, being most prominent in the small of growth retardation at the beginning of solid food ingestion suggests that salivary gland dysfunction could bowel. The expression peak of Gfra2 in wild-type mouse gut occurs at the time when development of cholinergic also contribute to malnutrition and consequent poor growth. This hypothesis is supported by the finding that myenteric plexus is being accomplished (Vannucchi and Faussoni-Pelleggrini, 1996). Moreover, NTN levels are serum albumin was reduced by 15% in the mutants (Gfra2 Ϫ/Ϫ 20 Ϯ 3 mg/ml; wild-type 24 Ϯ 3 mg/ml, n ϭ 5 increased, while GDNF is very low in postnatal small intestine (Widenfalk et al., 1997; our unpublished data).
littermates, p Ͻ 0.05 using t test), whereas serum growth hormone was normal (Gfra2 Ϫ/Ϫ 4.3 Ϯ 2.0 ng/ml, n ϭ 10; At the same time, cholinergic innervation of the gut is reduced in both Gfra2 Ϫ/Ϫ and Ntn Ϫ/Ϫ mice. Collectively, wild-type 4.0 Ϯ 1.0 ng/ml, n ϭ 11, ages 1.5-3 months). Reduced serum albumin levels and a relative preservathe data suggest that GFR␣2-mediated signaling is essential for the development and maintenance of cholintion of brain size and body length are typically seen in humans who grow poorly due to malnutrition caused by ergic innervation in the fine myenteric plexus. abnormalities in the digestive tract (Mayer and Stern, 1992). Malnutrition can also result from poor feeding, Impaired Contractile Activity and Rhythm In Vitro and defects in alimentary tract function often secondThe less dense intestinal innervation of Gfra2 Ϫ/Ϫ mutants arily lead to decreased food intake. However, we cannot prompted us to measure the contractile activity of their exclude other mechanisms, central, endocrine, or metasmall intestine. The mutant mice displayed clear differbolic, contributing to the growth failure. A strong expresences both in the duodenum ( Figure 4H ) and the ileum sion of Gfra2 in the hypothalamus ( Figure 1D ; Golden et ( Figure 4I ) when compared to their wild-type littermates al., 1998) is consistent with such a possibility. Therefore, (n ϭ 4 pairs). In the mutants, motility was constantly analysis of feeding and more extensive screens on metaless pronounced and had a less organized pattern. bolic and endocrine parameters are warranted. There was a marked decrease in the mean amplitude of the tetrodotoxin-(TTX-) insensitive myogenic contractions and prolonged periods of relative quiescence;
Reduced NTN-but Not GDNF-Induced Neuritogenesis of Gfra2
however, no difference in the frequency of the myogenic contractions was observed. The wild-type mice showed Trigeminal Explants
To analyze how the mutation affects GFR␣2-signaling, a periodic increase in motility combined with a prolonged contraction appearing every 6-8 min, which was we tested GDNF-and NTN-induced neurite outgrowth responses of E13 embryonic trigeminal ganglion exmarkedly reduced, or absent, in Gfra2 Ϫ/Ϫ animals. This pattern had a neuronal origin, as it was blocked by TTX plants, which express both Gfra1 and Gfra2 (Luukko et al., 1997). NTN (5 ng/ml) induced a prominent neuritic ( Figure 4I) . A similar pattern has been described in the cat ileum, where the outflow of intestinal contents is "halo" around the ganglion explants of wild-type mice ( Figures 5A and 5I ), whereas only a few neurites grew correlated with this pattern (Weems and Seygal, 1981) . Generation of these intrinsic propulsive patterns, norout from the explants of Gfra2 Ϫ/Ϫ mice ( Figures 5C and  5I ). Interestingly, an intermediate level of neurite outmally observed to expel fluid, requires integrative mechanisms of the enteric nervous system, particularly the growth was induced from ganglionic explants prepared from the Gfra2 ϩ/Ϫ mice ( Figures 5B and 5I) . With higher excitatory cholinergic motor neurons of the myenteric plexus (Goyal and Hirano, 1996). In line with a reduced NTN concentrations (100 ng/ml), neurites became fasciculated or encircled the explants from wild-type ganglia innervation, the mutant ileum displayed a reduced response to electrical and pharmacological stimulation.
( Figure 5E ), which reduced the area of neurite outgrowth ( Figure 5I ). However, moderate neurite outgrowth was Gfra1 and Gfra2 may not be expressed by the same trigeminal neurons (Naveilhan et al., 1998). Direct countalso induced from mutant ganglia with 100 ng/ml NTN ( Figures 5F and 5I) . GDNF (5 ng/ml) promoted an extening of neuronal profiles from Nissl-stained paraffin sections of trigeminal ganglia did not reveal significant difsive neurite outgrowth from trigeminal ganglia explants of Gfra2 mutant mice that appeared indistinguishable ferences between adult wild-type and Gfra2 Ϫ/Ϫ animals (Ϫ9%, n ϭ 5, p ϭ 0.4). A possible 10% (equivalent to from that of the wild-type mice (Figures 5G-5I) . Also, at a minimal concentration of GDNF (0.5 ng/ml), just the proportion of neurons expressing Gfra2 in trigeminal ganglion) loss of neurons is probably too small to be enough to elicit a clear neurite response, no difference was observed between the genotypes (data not shown).
detected by the counting method employed here. No significant losses of trigeminal neurons are found in As with NTN, a higher GDNF concentration (100 ng/ml) also evoked fiber fasciculation (data not shown). 
, 1998). of NTN or GDNF
The number of superior cervical ganglion (SCG Ϫ11%, The requirement of GFR␣2 for the trophic activities of n ϭ 4, p ϭ 0.5) neurons was also not significantly differ-NTN or GDNF was studied using dissociated trigeminal ent between adult wild-type and Gfra2 Ϫ/Ϫ animals. Moreneurons ( Figure 5J ). While GDNF supported more neuover, the nodose and dorsal root ganglia in Gfra2 Ϫ/Ϫ mice rons than NTN at lower concentrations, both factors at appeared to be of equivalent size to those in wild-type nearly saturating concentrations kept alive about 12% animals (data not shown). Normal number of SCG neuof plated neurons from wild-type mice. The survival rerons in Gfra1 Sections were stained and detected by using standard immunofluorescence techniques. Primary antibodies were against PGP9.5 (raband screened by Southern blot analysis (Figures 1A and 1B) . Positive clones, identified at 1/40 frequency, were further hybridized with bit polyclonal, UltraClone), substance P (rat monoclonal NC1, Medicorp), TH (rabbit polyclonal P40101-0, Pel-Freez), ChAT (goat neo and 3Ј outside probes to exclude random integration of the vector. Three injected clones gave germline transmission, when the polyclonal AB144P, Chemicon), VAChT (goat polyclonal AB1578, Chemicon), and VIP (rabbit polyclonal VA 1285, Affiniti). Paraffin
